Introduction
Silo flow visualization leads to improve understanding of the nature of process and may result in significant benefits arising from better design of containers for storing and loading solid materials. Mass flow and funnel flow are the two main types of flows appearing during concentric silo emptying. Mass flow is the most desired outcome during silo discharging process [2, 14] .
The current study concentrates on funnel flow of cohesion less dry sand that was studied inside rectangular silo model. We visualize the flow and show the funnel flow zone, which flows at the middle of the silo surrounded by the stagnant zone. Thus, understanding the flow and describing the flow behaviour of granular materials flow in a silo leads to improve the design silos.
X-ray Computed Tomography (CT) is one of the best non-destructive methods to investigate the concentration distribution and proper interpretation of concentration changes during the silo discharging [3, 19] . Indeed, as depicted in Fig. 1 , granular flow results on the formation of air-filled voids between grains, then a lower packing density than in the stagnant zone, which keeps its initial packing density. This change of density generates a contrast in the tomography image. More importantly, the scatter of grey level is more pronounced in the flowing zone than in the stagnant zone during funnel flow [4, 6, 7, 9] .
Electrical Capacitance Tomography (ECT) can be another alternative to conduct such kind of experiments, as ECT requires a considerably lower financial outlay and causes no hazards for workers as compared to X-ray CT.
However, ECT has relatively low spatial resolution, typi-36 S. Waktola, K. Grudzien, L. Babout cally 3-10 percent of the pipe diameter.
A previous attempt to segment the flow boundary, which was based on local variance calculation and local SNR (Signal to Noise Ratio), did show some limitations and rather inaccurate delineation of the zone when compared with ground truth [18] .This article proposes a more robust method, which looks at determining boundary points locally. Currently, the method focuses on 2D longitudinal images of reconstructed tomography volume. Industrial X-ray CT is one of the techniques allowing to see what is inside the scanned object. It produces a tomographic image with a high accuracy and the ability to measure internal and external dimensions simultaneously in a non-destructive way [13] .
The X-ray tomography system for this study allows one to gather data in the form of sequence of 2D radiography images during silo discharging process, or after stopping the flow, in order to conduct full 3D visualization of granular material distribution inside silo.
The experiments, described in this paper were car- 
Image filtering
Image filtering is a process of modifying the values of the pixels using a function that is typically applied on a local neighborhood of the image [15] .Usually, an operation called convolution is used for applying the function on a neighborhood by creating a kernel. When we talk about image filtering, at the same time, we are talking about a process of erosion, dilation or edge detection of an image.
Convolution is one of widely used method for linear filtering of an image. This method is designed to generate output pixel of the weighted sum of neighboring input pixels. The matrix of weights is called the convolution kernel, also known as the filter, which is a correlation kernel that has been rotated 180 degrees [12, 15] . 
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Usually the original image, which is taken by CT X-ray machine presents low contrast. As a result, it's quite difficult to differentiate the funnel flow boundary from the stagnant zone during silo discharging process. Therefore, we need to increase the contrast of the original image and apply a filter mechanism in order to have a better contrast and for further processing (detection of funnel flow boundary).
In this study, we applied rectangular filter (35*20 filter kernel) which transforms the original image pixel intensity value to improve the contrast of the whole image. We selected rectangular filter, because, it do has the longest dimension along the vertical axis, as we are also currently interested and analyzing the vertical side of the image.
Before we apply the filter to our original CT X-ray slice of image, we increased the contrast to decrease the noise.
Later on, by applying the filter, we have got a quite clear boundary of the funnel flow zone, which is darker than the stagnant zone. Fig. 2 shows the funnel flow zone after image equalization and linear filtering.
Point set extraction and results
The original image that has been taken by X-ray CT usually presents a low contrast, especially at the top and bottom of the silo model. Additionally the original image includes the silo construction, which potentially hinders further processing of the image. Therefore, for this study, we crop the original CT X-ray image to get only the important part of the flow, which excludes the borders of the silo model. 
Edge detection
Edge detection can be defined as a mathematical method, which identify points of an image at which the image contrast changes sharply or has discontinuities. There are two main categories of edge detection methods. The first method is search-based, which usually detects the edge of The second method is called the zero based method, in order to detect the edge, it looks for zero crossing in a second order derivative of the image [16, 20] .
In this study, we used the zero based method for extracting the boundary of the funnel flow from the filtered image. There is a gradient difference between the flowing zone and the stagnant zone of the filtered image ( Fig. 5(a) ). Thus, the method we used captures the rate of change in the intensity gradient around the boundary of the funnel flow, which means, the second derivative cap- There might be more than one maxima in a single profile line, as a result, we smoothed the whole line to prevent the probability of having more than one maxima on a single line. Once we get the exact point between high intensity difference or jump in a single smoothed profile line, the first step will be putting a marker point at that specific point or edge. Secondly, depending on the total height of the image, we do the above step in a loop for a series of 
Test and error measurement 4.2.1 Method test with different images
We have tested the method that was used in this study for multiple images in different silo discharging time and in different frontal planes. For instance, the figures below ( Fig. 9 and Fig. 10) show that the method we used can extract the boundary line of the funnel flow in different silo discharging time and frontal plane of 3D image with the same quality level as in the previous example (Fig. 8) . 
Ground truth and error measurement
A ground truth solution is any solution which is generated by a human. In this work we consider the actual edges of an image to be those pixels selected by a human. However, any image is likely to have various perfect solutions, since different humans might create discrepant edge images. Additionally, We need to consider the pixels are not selected exclusively on the basis of the intensity changes, since humans always perform an interpretation of the image based on the content and its context [5, 8] . There are three types of error measurement (EM) methods for edge detection of qualitative generalistic EM [17] ;local error measures, statistical error measures and distance-based error measures. The distance-based error measurement is based upon the deviation of the edges from their true position [8, 17] , in which we used to calculate the error of the method that we used for this study. Basically, it computes point-to-point distances between the edges that have 
